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Abstract

This paper investigates the effect that bulk lubricant concentration has on the non-adiabatic Tubricant excess surface
density on a roughened. horizontal flat (plain) pool-boiling surface. Both pool boiling heat transfer data and lubricant
excess surface density data are given lor pure R123 and three ditferent mixtures of R123 and a naphthenic mineral oil.
A spectrofluorometer was used to measure the lubricant excess density that was established by the boiling of a R123/
lubricant mixture on a test surface. The fuorescent technique was used to measure the effect of bulk lubricant con-
centration on the lubricant excess layer during refrigerant/lubricant mixture boiling. The refrigerant preferentially
boils, thus, concentrating and accumulating the lubricant on the surface in excess of the bulk concentration. The excess
lubricant resides ina very thin layer on the surface and influences the boiling performance. Accordingly, the ability to
measure the effect of bulk lubricant composition on the lubricant excess density and in turn the effect on the heat
transfer would lead to a fundamental understanding of the mechanism by which lubricants can degrade or improve
boiling performance. In support of this effort. heat transfer data are provided for purc R123 and three R123/lubricant
mixtures at 277.6 K. For heat fluxes between approximately 25 to 45 kW/m2, an average enhancement of the heat flux
of 9 and 5% was achieved for the 0.5 and 1% lubricant mass fractions. respectively, and an average degradation of 5%
in the heat flux was obtained for the 1.8% lubricant mass fraction mixture. 2002 Published by Elsevier Science Ltd
and [IR.
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Nomenclature

English symbols

A regression constants in Table |

D regression constants in Table Al

F fluorescence intensity

F. fluorescence intensity (rom calibration [Eq.
(2) of [2]]

Fi fluorescence intensity measured from boil-
ing surface

IR incident intensity (V)

k; thermal conductivity of pure lubricant
(W/m K)

/ path length (m)

1 l. thickness ol excess layer (m)

My molar mass of lubricant (kg/mol)

q average wall heat flux (W/m")

b bubble departure radius (m)

T temperature (K)

Ty temperature at roughened surface (K)

U expanded uncertainty

X mass fraction of lubricant
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v test surface coordinate perpendicular to
surface (m) i

Greek symbols |

r surtace excess |
AT, wall superheat: T,,—T, (K)

ATy temperature drop across excess layer (K)

I3 extinction coeflicient (m?/mol) :
e fraction of excess layer removed per bubble

& dimensionless temperature profile Eq. (A.2) |
.. thermal boundary constant in Eq. (A.2)

0 mass density of liquid (kg/m?)

English subscripts

b bulk

e excess layer

L lubricant 1
m measured ‘
p pure R123 }
r refrigerant

s saturated state

\! vapor

1. Introduction

The addition of lubricant to refrigerant can sig-
nificantly alter the boiling performance due to lubricant
accumulation at the hcat transfer surface. Stephan [1]
was one of the first researchers to note that a lubricant-
rich layer exists near the tube wall. This mass of lubri-
cant on the surface—the excess layer—is induced pri-
marily by heat transfer. Non-boiling mechanisms such
as long-range van der Waals forces contribute a rela-
tively small mass, approximately one or two mono-
layers, to the lubricant excess layer. In general, the
excess concentration (excess surface density) arises
chiefly from the relatively low vapor pressure of the
lubricant when compared to refrigerant. The lubricant is
locally concentrated as a consequence of refrigerant
evaporation at the heat transfer surface. The refrigerant;/
lubricant liquid mixture travels to the heated wall. and
the refrigerant preferentially evaporates from the sur-
face leaving behind a liquid phase enriched in lubricant.
A balance between deposition and removal of the lubri-
cant establishes some unknown thickness of the excess
lubricant at the surface. It is hypothesized that the
lubricant excess layer establishes the bubble size, the site
density and, in turn, the magnitude of the heat transfer.

Kedzierski [2.3] developed a fluorescence measure-
ment technique to verify the existence of the lubricant
excess layer during pool boiling. A spectrofluorometer
was specially adapted for use with a bifurcated optical
bundle so that tluorescence measurements could be
made perpendicular to the heat transfer surface. The

study suggested that the excess layer was pure lubricant
with a thickness ranging from 0.04 to 0.06 mm depend-
ing on the heat flux. The study examined only one
refrigerant/lubricant mixture.

The present study uses the measurement technique to
extend the database to three R123/York-C™!" mixtures
with different mass compositions: 99.5/0.5, 99/1, and
98.2/1.8. In the present study, pure R123 and R123/
lubricant mixtures were tested in an effort to investigate
the influence of bulk lubricant concentration on the
lubricant excess surface density. A 300 SUS naphthenic
mineral oil (York-C™) was chosen for its somewhat
favorable fluorescence characteristics and to demon-
strate the use of the new measurement technique with a
commercial lubricant.

2. Apparatus

Descriptions of the pool boiling apparatus, the plain
roughened copper test surface, and the spectro-

" Certain trade names and company products are mentioned
in the text or identified in an illustration in order to adequately
specify the experimental procedure and cquipment used. In no
case does such an identification imply recommendation or
cndorsement by the National Institute of Standards and Tech-
nology. nor does it imply that the products are necessarily the
best available for the purpose.
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fluorometer arc given in Ref. [4]. The test surface was an
oxygen-free high-conductivity (OFHC) copper flat
(plain) plate that was machined out of a single piece of
copper by electric discharge machining (EDM). A tub
grinder was used to finish the heat transfer surface of
the test plate with a crosshatch pattern. Average rough-
ness measurements were used to estimate the range of
average cavity radii for the surface to be between 12 and
35 pm. The relative standard uncertainty of the cavity
measurements were approximately 4 12%.

The spectrofluorometer that was used to make the
fluorescence measurements is described in Refs. [2.3]. A
bifurcated optical bundle with 168 fibers spanning from
the spectrofluorometer to the test surface. The fibers of
the probe were split evenly between the fibers to trans-
mit the incident intensity (/,) to the test surface and
those to receive the fluorescence intensity (£) from the
lubricant on the test surface.

3. Mecasurements and uncertainties

The individual standard uncertainties arc combined
to obtain the expanded uncertainty. The cxpanded
uncertainty is calculated from the law of propagation of
uncertainty with a coverage factor. All measurement
uncertainties are reported for a 95% confidence interval
except where specified otherwisc.

3.1. Heat transfer

The heat transfer measurcment techniques and
uncertainties are given in Refl, [4].

3.2, Fluorescence

Kedzierski [2.3] describes the method for calibrating
the cmission intensity measured with the spectro-
fluorometer and the bifurcated optical bundle. The cali-
bration and methodology that were outlined in these
publications were used in the present study.

The cquation for calculating the surface excess den-
sity (1) from the measurcd fluorescence emission inten-
sity (F,) for the York-C™ lubricant of minimum
thickness is [3]:

[' = pexele — prxule

Ph»\'lw\ I
FIAYN BE — =1
P, I

1. £ 1 & Fo \
T4+ 1165 —— vppul)—— 1165 —— vppp [ 22 — 1
I ( M, Y 1)/'\ O M, b Ot <FC )
(1)
where the value of <~ was obtained from the fluores-

7
cence calibration as 1.089 m-/kg. The fluorescent inten-

sity from the calibration (F,) is obtained from Eq. (2) of
[2] evaluated at the charged bulk lubricant concentra-
tion of test fluid in the boiling apparatus. The /, is the
distance between the probe and the heat transfer surface
and /,, >> /.. The density of the purc lubricant is py . The
ratio of the absorption of the incident excitation in the
bulk to that in the excess layer (L,../I) was obtained
from the measurcd absorption spectrum of a 95/5 mass
fraction mixture of R123 and York-C™. Absorption
ratios for the 99.5/0.5, the 99/1, and the 98.2/1.8 mix-
tures were 0.9, 0.82, 0.71. respectively.

4. Experimental results
4.1. Heat transfer

The heat flux was varied from approximately 80 to 10
kW:m? to simulate typical operating conditions of R123
chillers. All pool-boiling tests were taken at 277.6 K
saturated conditions. The data were recorded con-
secutively starting at the largest heat flux and descend-
ing in intervals of approximately 4 kW/m> The
descending heat flux procedure minimized the possibility
of" any hysteresis effects on the data, which would have
made the data sensitive to the initial operating condi-
tions. Kedzicrski [4] tabulates the measured heat flux
and wall superheat for all the data of this study. Table 1
gives the constants for the cubic regression of the
superheat versus the heat flux for each data set. The
residual standard deviation of the regressions  repre-
senting the proximity of the data to the mean—arc given
in Table 2. Table 3 provides the average mean wall
uncertainty for all of the test data.

The R123/mixture was prepared by charging the pur-
ger of the test apparatus with purc R123 to a known
mass. Next, a measured weight of York-C™ was injec-
ted with a syringe through a port in the test chamber.
The lubricant was mixed with R123 by flushing pure
R123 through the same port where the lubricant was
injected and releasing the R123 from the purger. All
compositions were determined from the masses of the
charged components and are given on a mass percent
basis. The maximum uncertainty of the composition
measurement is approximately 0.02%, c.g. the range of
a4 1.8% composition is between 1.78 and 1.82%.

Fig. 4 of Kedzierski [2] present the measured heat flux
(¢) versus the measured wall superhcat (7., 7%) for pure
R123 at a saturation temperature of 277.6 K. Fig. 5 of
Kedzierski [2] shows the ¢ versus the measured wall
superheat for the 98.2/1.8 R123/ York-C'™ mixture.
Figs. | and 2 of this study plot the measured heat flux
versus the measured wall superheat at a saturation tem-
perature of 277.6 K for the 99.5/0.5 and the 99/1 York-
C"™ mixtures, respectively. The mean of the pure R123
“aged data” is plotted as a dashed line. In Fig. 1. com-
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Constants for cubic boiling curve fits for flat copper surface: AT, — A, + A ¢ 1 Ayg""+ Ax¢" " AT, in Kelvin and ¢" in W m-

Table 1

Fluid A,

R123 AT =213 K 7.71421

Break-in data AT <13 K 4.34389

R123 AT =18 K 32.2044

AT <18 K 253837

R123a/York-C'M AT 219K 51.792

(99.5/0.5) AT <20K 1.50894

R123a/York-C'™
99/ H 11 K<AT. <215K

0.82896

R123a/York-C"™ (98.2,1.8)
IK<AT <225 K

298244

parison of the 99.5/0.5 mixture boiling curve to the
mean R123 boiling curve shows that there s httle dif-
ference between the curves for superheats below 17 K.
However, the heat transfer performance of 99.5:0.5
refrigerant/lubricant is greater than that ol the pure
refrigerant for superheats between 17 and 21 K. Simi-
larly, the 99/1 mixture boiling curve shown in Fig. 2
illustrates that there is little difference between the
pure and mixturc curves for superheats below 15 K.
However, the heat transfer performance of the 991
refrigerant/lubricant i1s greater than that of the pure
refrigerant for superheats between 15 and 21 K. Fig. 5

of [2] shows that the mean heat transfer performance of

the 98.2/1.8 refrigerant/lubricant mixture is less than
that of the pure refrigerant for all superheats. Figs. 1. 2
and 5 of [2] also show the results of a prediction method,
which is discussed in the preceding and developed in
Appendix A, that uses the excess layer data as input.

A more detailed comparison of the mixture and the
purc fluid heat transfer performance is given in Fig. 3.
Fig. 3 plots the ratio of the mixture 1o the pure R123
heat flux (¢m/¢p) versus the pure R123 heat flux (¢,) at
the same wall superheat. A heat transfer enhancement
exists where the heat flux ratio is greater than one and
the 95% simultaneous confidence mtervals (depicted by
shaded region) do not include the ratio of onc. Fig. 3
shows that the RI123/York-C™ (99.5/0.5) mixture
cxhibits an enhancement for heat fluxes greater than
approximately 26 kW/m?> and less than approximately
45 kW/m”. The cessation ol vigorous nucleate boiling
(CVNB) was visually obscrved to be located near 26
kW/m?. Consequently, the addition of York-C™ to
R123 improves the heat transfer associated with vigor-
ous boiling more so than it does for low-active-site-
density boiling region. The maximum heat flux ratio for
the 99.5/0.5 mixturc was 1.136£0.015 at 35.6 kW /m-".
The average heat flux ratio for the R123/York-CT™
(99.5/0.5) mixture from approximately 25 to 45 kW.m?”
was 1.09.
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Table 2
Residual standard deviation of AT, from the mean

Fluid

RI123 AT 213K 0.31

Break-in data AT <13 K 0.19

RI123 AT =18 K 0.20
AT <18 K 0.47

R123a York-C"™ AT.Z19K 0.25

(99.5:0.5) AT, 20K 0.33

R123a, York-C' (99:1) 0.20

ITK<AT 215K

R123a York-C" ' (98.2:1.8) 0.48

9K <AT.<225K

Table 3

Average magnitude of 95% multi-use confidence mterval for
f=

mean 7, 7. (K)

Fluid U (K)
R123 AT 213K 0.17
Break-in data AT <13 K 0.28
R123 AT > 18K 0.20
AT <18K 0.67
R123a/York-C'™ AT. 219K 0.18
(99.5/0.5) AT, <20 K 0.15
R123a;York-C'™ (99/1) 0.13
N K<AT, €21.5K
R123a/York-C'™M AT. 244K 0.24

(98.2/1.8) AT, <44 K

Fig. 3 shows that the R123/ York-C™ (99/1) mixture
cxhibits an enhancement for heat fluxes greater than
approximately 28 kW/m? and less than approximately
43 kW/m”. The CVNB wus visually observed to be
located near 26 kW/m~. Consequently. the enhancement
characteristics of the 99/1 mixture arc consistent with
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Fig. 1. R123:York-C '™ (99.5,0.5) boiling curve for plain surface.
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Fig. 2. RI123:York-C"™ (99:1) boiling curve for plain surface.
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Fig. 3. R123 York-C' (98.2 1.8) heat reflux relative to that of pure R123.
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Fig. 4. Lubricant excess surfuce density for three R123 York-C'™ mixtures as a function of heat flux.
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: (99/1)
ok « 10740015 -
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q" 0.8 (98.2/1.8) =
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Fig. s Influence of excess layer thickness on R123 York-C'™ relative heat flux.

those for the 99.5/0.5 mixture in so much that it is the
vigorous boiling region that is enhanced. The maximum
heat flux ratio for the 99/1 mixture was 1.074+£0.015 at
35.6 kW/m®. The average heat flux ratio for the R123
York-C'"™ (99/1) mixture from approximately 25 to 45
kW/m-" was 1.05.

Fig. 3 shows that the RI123/ York-C™ (98.21.8)
mixture cxhibits a degradation for all the heat fluxes
that were tested with the exception of heat fluxes
between 28 and 35 kWim? where the heat transter may
not dilfer from the pure refrigerant. The CVNB for the
mixturc was visually observed to be located near 26 kW
m?. Recall that the CVNB for pure R123 occurred at

approximately 35 kW/m?. Conscquently. the addition of

York-C'™ (o R123 enhances the boiling site density but

this is not suflicient to cause an overall enhancement of

the boiling performance due to the reduction in bubble
size with lubricant addition. The maximum heat flux
ratio for the 98.2/1.8 mixturc was 0.98 at 33 kW.m-.
The average heat flux ratio for the RI123° York-C™
(98.2/1.8) mixture from approximately 25 to 45 kW.m?
was 0.95.

4.2, Fluorescence
Fig. 4 is a plot of the measured lubricant excess den-

sity versus the heat flux for the three RI123 York-CT™
mixtures. Solid lines represent the mean of the data. The

shaded regions are 93% confidence intervals for the
mecan. The green, red. and blue lines, symbols, and shad-
ing correspond to the 99.5/0.5, the 99/1. and the 98.2/1.8
compositions. respectively. The expanded uncertainty of
the lubricant excess density was estimated from the multi-
use confidence intervals to be 0.01. 0.02, and 0.014 kg/m?
for the 99.5/0.5, the 99/1. and the 98.2/1.8 compositions,
respectively. Table Al in Appendix A provides the resi-
dual standard deviation for the I' fit for each mixture.

The lubricant excess density is roughly the mass of
lubricant in the excess layer per surface area in cxcess of
the lubricant contribution from the bulk. Consequently,
I" -0 implics that no excess layer exists on the surface.
Considering this. Fig. 4 substantiates the existence of
the lubricant excess layer for most of the data because
most of the data. it’s mean. and the confidence intervals
for the mean are all greater than zero. The data does not
confirm the existence of the cxcess layer for the 99.5/0.5
mixture for heat fluxes greater than 33 kW/m?.

Fig. 4 shows that an increase in bulk lubricant con-
centration increases the mass of lubricant on the surface
to a point. For example, at a heat flux of 23 kW/m?. the
lubricant excess layer increased from approximately
0.02 to 0.05 kg/m> when the bulk lubricant mass frac-
tion was doubled. i.c. incrcased from 0.005 to 0.01.
IHowever. when the bulk lubricant mass fraction was
ncarly doubled again (increased from 0.01 to 0.018) no
{further increase in the lubricant excess density was
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relrigerant yapor

liguad refrigerant lubricant mixture
| E

tubricant removed
from wall P

A ¥

approximate linear lemperature

protile in lubricant layer

b = 0.005

‘b= 0.01

b= 0.018

Fig. 6. Schematic of the average departure bubble for three R123 York-C'™ mixiures with corresponding excess layers.

observed. This may suggest an upper limit for the mass
of lubricant that can be maintained in the excess layer.
In addition, during the formation of the excess laver. the
removal of lubricant for the 0.018 mass fraction mixture
must occur at either a much greater rate or with a much
different dependence with time than the 0.01 mass frac-
tion mixture for the steady state T' to remain unchanged.

5. Discussion

Fig. 5 illustrates the influence of the excess layer
thickness on the normalized heat flux (¢"/¢",) for the
range of measured /.. The values shown in the figure tor
both the relative heat flux and the thickness are the
means of the regressed data for the three mixtures of
this study. The maximum heat flux enhancement corre-
sponds closely to the minimum observed excess laver
thickness refative to the size of the bubble for each
mixture. Consistent with intuition, a build up of lubri-
cant on the surface is detrimental to pool boiling per-
formance.

The importance of the excess layer thickness on pool
boiling can be further illustrated with the use of a simple
semi-empirical model for refrigerant/lubricant mixtures.
The model was developed to show how the lubricant
layer can adversely affect heat transfer by flooding the
bubble with lubricant. Appendix A provides the details
of the model development. which involves both
heat transfer and excess density data. Fig. 6 shows a
schematic of the average departure bubble for each of
the three mixtures at the maximum heat flux ratio for

cach mixture. Note that the model correctly predicts
that the departure diameter decreases with increasing
lubricant in the bulk liquid [5]. The (99.5/0.5) mixture is
shown to have nearly the entire bubble diameter in the
bulk fluid. Here. the excess layer thickness is two orders
of magnitude smaller than the excess layer for the (99/1)
mixture. The (99/1) mixturc is shown to have approxi-
mately half of its departure bubble diameter within the
lubricant excess layer. The departure bubble for the
(98.2/1.8) mixture forms entirely within the lubricant
excess layer. Presumably, heat transfer performance
suffers as more lubricant must be displaced from the
wall in order to make way for the fresh bulk refrigerant.

6. Conclusions

A newly developed fluorescent measurement techni-
que was used to investigate the effect of bulk lubricant
concentration on the lubricant cxcess layer during boil-
ing of R123 and a commercial lubricant (York-C™). A
spectrofluorometer was specially adapted for use with a
bifurcated optical bundle so that fluorescence measure-
ments could be made perpendicular to the heat transfer
surfacc. The heat transfer surfacc was a horizontal,
roughened. plain copper flat plate. Larger enhancements
arc associated with smaller lubricant cxcess layers rela-
tive to the size of the bubble. The lubricant excess sur-
face density was shown to be the smallest for the
smallest bulk concentration. The surfuce density was
necarly the same for the two largest bulk concentrations.
However. the boiling performance of the largest lubricant
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concentration mixture was the worst of all the mixtures
because its bubbles were the smallest ol all the mixtures.

The boiling heat transfer measurements were simul-
tancously taken with the fuorescence measurements.
The heat transfer performance ot 99.3 0.3 refrigerant
York-C™ was on average 9% greater than that of the
pure refrigerant from approximately 23 to 43 kW m".
The heat transfer performance of the 99 1 relTigerant
York-C™ was on average 3% greater than that of the
pure refrigerant from approximately 25 to 45 kW m-~.
The R123/York-C™ (98.2/1.8) mixture heat flux from
approximately 25 to 45 kW’ 'm?> was on average 3% loss
than that of pure R123.

Figs. 1. 2 and 5 of |2] compare the measured boiling
curves [or the three mixtures to the model given by Eq.
(A3) The mean absolute difference between the pre-
dicted and measurcd mean wall superheat is 0.46. 0.07.
and 0.22 K for the (99.5/0.5). (99°1). and (98.2°1.8)
mixture, respectively. This comparison was made for the
heat flux range for which excess surface density mea-
surements were available. The value of the fitted con-
stant 4 was 1.74. 1.09. and 0.37 for the (99.50.5)
mixture, the (99/1) mixture. and the (98.2 1.8) mixture.
respectively.
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Appendix A
This Appendix outlines the development of a semi-

cmpirical model for the prediction of refrigerant Tubri-

Table Al

cant pool boiling. The model is fitted to excess surface
density and heat transfer measurements. The model
relies on three key assumptions: (1) lubricant is lifted
from the excess layer as lubricant caps on bubbles, (2)
the temperature profile in the thermal boundary layer
can be approximated with an exponential function. and
(3) the temperature profile within the excess layer is
linear.

Fig. 6 shows that each bubble removes a fraction (¢)
of the cxcess layer thickness (/) in a volume that is
equivalent to that of a lubricant disk with a radius equal
to the departure bubble () and thickness cqual to ¢ /..
The Tubricant that is removed is assumed to reside on
the top of the bubble as an adiabatic excess layer of
approximatcly 2 monolayers  thick  [6], which s
approximately 25 A for lubricant with a liquid viscosity
of York-C'"™ [7].

The lubricant cxcess layer is formed on the wall by
preferential evaporation of the refrigerant. The present
model assumes that all of the lubricant that is carried to
the wall by the bulk liquid/lubricant mixture is depos-
ited on the wall while all of the refrigerant leaves the
wall as refrigerant vapor. Writing a mass balance
between lubricant deposition and removal and rearran-
ging to solve for the bubble radius yiclds:

0.75¢0.p1 (1 - ) 18.75Ap (1 — .\‘!,)

Nh e Vb POr

Iy, =

(AD)

where p, and pp are the densities of the refrigerant
vapor and the liquid lubricant, respectively.

Fig. 6 shows the temperature profile of the thermal
boundary layer. The dimensionless form of the tem-
perature profile (6) was approximated by the following
exponential function:

(_) T_ T\ —/NEE (A”)
= — =g " L
T\\ - 7\

Constants for lincar excess surface density fits for flat copper surfuce: '= D, + D ¢ (I" in kg/im” and ¢” in kW;m?)

Fluid D, D,

=1 A8167x 10

Residual standard
deviation (kg/m-)

Average 95% confidence
interval (kg/m?)

R123a;York-C'™ (99.5.0.3) 0.04739 0.017 0.01
12 kW/m><q¢” <350 kW.m?

R123a/York-C'™ (99:1) 0.08036 1.33541x 10 0.02 0.02
20 kW/m < ¢" <40 kW m”

R123a/York-C'™ (98.2.1.8) 0.06945 9.46412x10 * 0.018 0.014

13k Wim” < ¢" <38 kW m-




M. A, Kedzierski International Journal of Refrigeration 25 (2002) 1062 1071 1071

where T is the temperaturc of the fluid. 1 is a coordinate
direction measured perpendicularly from the wall. and
is a constant that is obtained for cach mixture from a fit
of the measured pool boiling curve.

Eq. (A2) is used to calculate the temperature drop in
the lubricant excess layer (A7) Il the temperature
gradient in the excess layer is approximated as linear.
Fourier's law can be rearranged to obtlain the wall
supcrheat (AT):

§"1l,
B q"r
k(= ey or — pra)

AT, = T\\ - T\

(A3)

where ki is the thermal conductivity of the lubricant,
and linear fits of the excess surface density are given in
Table Al. Table Al also provides the residual standard
deviations and the average multi-use 95% confidence
intervals for the fits.
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